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To optimize both the mechanical and biological properties of titanium for biomedical implants, a highly
ﬂexible powder metallurgy approach is proposed to generate porous scaffolds with graded porosities and
pore sizes. Sugar pellets acting as space holders were compacted with titanium powder and then
removed by dissolution in water before sintering. The morphology, pore structure, porosity and pore
interconnectivity were observed by optical microscopy and SEM. The results show that the porous ti-
tanium has porosity levels and pore size gradients consistent with their design with gradual and smooth
transitions at the interfaces between regions of differing porosities and/or pore sizes. Meanwhile, the
porous titanium has high interconnectivity between pores and highly spherical pore shapes. In this
article we show that this powder metallurgy processing technique, employing the novel sugar pellets as
space-holders, can generate porous titanium foams with well-controlled graded porosities and pore
sizes. This method has excellent potential for producing porous titanium structures for hard tissue en-
gineering applications.
© 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).1. Introduction
The development of implants for hard tissue engineering such
as replacement of bone, teeth and joints is highly desired and has
shown enormous success in orthopaedic surgery. Porous synthetic
scaffolds are a highly promising new approach to repair and
remodel damaged bone tissue, replacing techniques using auto-
grafts (bone harvested from patient) or allografts (donor bone) [1,2]
as this technique can eliminate the potential disease transmission
from donor to recipient through autogenous bone grafts [3]. Tita-
nium and some of its alloys are considered to be the most attractive
metallic materials for biomedical applications [4] due to their
relatively low modulus, excellent strength-to-weight ratio, supe-
rior biocompatibility and corrosion resistance [5,6].nications Co., Ltd.
ing by Elsevier B.V. on behalf of Ke
d/4.0/).Solid titanium and its alloys currently used in biomedical
implant applications have shown some limitations, such as lack of
osseointegration [7] and mismatch between the mechanical prop-
erties of the bone and the implant [8]. Porous titanium structures
have the potential to address these issues by providing a scaffold for
bone cell ingrowth [9] andbymore closelymatching themechanical
properties of bone to alleviate stress-shielding effects [10]. How-
ever, structures with uniform porosity cannot satisfy all of the me-
chanical and biological requirements for implants due to their lack
of ﬂexibility in tailoring their mechanical behaviors, biocompati-
bility and osseointegration to that of the bone. More suitable de-
signs could include porosity gradients to mimic that of the human
bone, from a dense, stiff external structure (the cortical bone) to a
porous internal one (the cancellous bone) with an appropriate de-
gree of pore interconnectivity [11]. Wen et al. [12] developed tita-
nium structureswith porosity gradientswith a solid core and highly
porous outer shell using powdermetallurgy technique. Thieme et al.
[13] successfully manufactured titanium specimens using same
method with graded porosities which matched the designedAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
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by various processes such as pressure ﬁltration, solid free-form
fabrication, multiple tape casting, etc. However, using these
methods it is difﬁcult to control pore interconnectivity and pore
sizes [11].
In this study, a powder metallurgical process using sugar pellets
as space holders is explored for the fabrication of graded porous
titanium scaffolds with ﬂexible porosity and pore size gradients.
We demonstrated that titanium scaffolds can be manufactured
with the predesigned graded porosities and pore sizes, while
maintaining high levels of interconnectivity and spherical pore
shapes for biomedical applications.2. Materials and methodology
Titaniumhydride-dehydridepowder (>99.9%purity)withparticle
sizeof approximately 45mmwasusedas abasepowderdue to its high
sinterability. Spherical sugar pellets, (supplied by JF-Pharmaland
Technology Development Co., Ltd, China) were used as the space
holder. Three pellet size distributions, namely 0.212e0.355 mm,
0.3e0.425mm and 0.425e0.5mm,were chosen to generate porosity
gradients in the compacts. Spherical pellets sized were chosen ac-
cording to Loh et al.'s [14] review on the pore size and biocompati-
bility. Two different structures with gradient porosities were chosen
to demonstrate the powdermetallurgical process (as shown in Fig.1).
With the help of a temporary mould to maintain shape during
die ﬁlling, gradient structureswere created as illustrated in Fig.1(C).
After removal of the mould, the sample was pressed at 400 MPa to
acquire cylindrical green compacts of 15mm indiameter and10mm
in height. High compaction pressure of 400 MPa was employed to
eliminate sample deformation during dissolution of the sugar pellet
space holder. The space holder was dissolved by distilled water at
temperatures of 70e80 C with constant stirring using a magnetic
stirrer. The dissolution time was 4 h and the water was changed
twice to ensure thorough removal of the sugar pellets from the
green compacts. Sampleswere then dried in an oven at 90 C for 2 h.
Sintering was carried out in a high vacuum furnace at 1300 C for
2 h at a vacuum pressure of 105 Torr. In order to prevent contam-
ination, all samples were placed on an Al2O3 ceramic disc for sin-
tering. Samples were sectioned and polished for analysis of
microstructure and surfacemorphologies. The porous structure and
interconnectivity were evaluated by optical microscopy and SEM.
The density and porosity of the sintered compacts was determined
by the Archimedesmethodwith oil impregnation. H-Galden ZT-180
was used instead of water to givemore accurate results. The density
of the sintered sample r and porosity POpen , were calculated using:
r ¼ rHG WAir
WOil WHG
(1)
POpen ¼
rHGðWOil WAirÞ
rOilðWOil WHGÞ
 100 (2)
where rHG is the density of the H-Galden (1.69 g/mL at 21
C), rOilis
the density of the oil used (KS7470, density 0.885 g/mL),WAiris the
dry weight of the compact, WOilis the weight of the compact after
oil inﬁltration, and WHGis the weight of the oil inﬁltrated compact
measured while immersed in H-Galden. The mechanical properties
of the porous structures were measured with an Instron 5584 test
machine. The properties are listed in Table 1. The elements of the
specimen was determined with inductively coupled plasma optical
emission spectrometry (ICP-OES), using Spectro-Arcos equipment.
Carbon content was determined by carrier gas hot extraction using
a LECO CS600 gas analyzer (see Table 2).3. Results and discussion
Porous titanium foamwith porosity gradients and high integrity
were achieved, as shown in Fig. 2. Sintered compacts were
sectioned in half to reveal the interior of the porous structures. The
sintered compacts exhibit mechanically stable edges and surface,
with little deformation and no degradation evident during the
sugar pellet dissolution and sintering process. The interior porous
structure of the sintered samples is presented in Fig. 3, as obtained
by optical microscopy. Pore morphology and size can be clearly
observed from the image. The space-holding particles have been
completely removed. ICP-OES results showed that the residual
carbon is only 0.01 wt%.
Image J was used to analyse the pore geometry after sintering.
The sugar pellet space holders produced well-deﬁned pore sizes
which are reasonably spherical and uniform in shape. The porosity
and pore size changes which are consistent with the predesigned
models can be clearly observed and the transitions between regions
of differing porosities are smooth with no traces of cracking. It is
noted that slight deformation of the long cylindrical sample in
Fig. 2(a) is observed due to the compact-and-sinter process. Higher
compaction pressure would reduce the deformation.
Fig. 4 shows the SEM images of the pore structures and the
interface between regions of differing porosities with a gradient of
porosity. As shown in Fig. 4(a), the pores created by the sugar pellets
are highly spherical and uniform in shape. Fig. 4(b) shows there is a
high degree of interconnectivity between pores and that the pores
have a relatively rough inner surface associatedwith themorphology
of the sugar pellet space holders, especially at the interconnections.
This rough surface is expected to increase the adhesion-attachment
rate of cells for bone ingrowth [9]. Sugarpellets,which are comprised
of sugar and starch, are materials considered to be very safe in the
human body. After sintering, any residue from the space-holding
materials will break down into carbon or form TiC particles which
are considered harmless to human tissue [16]. However, it may in-
ﬂuence the mechanical properties of the scaffolds. Inductively
coupled plasma optical emission spectrometry (ICP-OES) results
show that the residual C is only 0.01 wt%. Further studies are
necessary to understand their inﬂuence on the properties and per-
formance of the porous foam structures (see Fig. 5).
The main goal in the design and fabrication of an orthopaedic
scaffold is to restore the function of the native tissue that is to be
replaced. The ideal implant should be biocompatible, possess
adequate mechanical properties to support the applied physiolog-
ical load, be corrosion/wear resistant and ﬁnally show good bioac-
tivity to ensure sufﬁcient bonding at the material/bone interface.
The manufacturing route demonstrated in this paper has been
shown to produce porous titanium structures with highly spherical
pore shapes, well-controlled pore size and porosity, and high
interconnectivity [17]. The porous titanium scaffolds have excellent
potential for hard tissue engineering applications. This powder
metallurgical process using a sugar pellet as space holders can be
used to fabricate graded porous structures that can facilitate bone
ingrowth and effectively enable variation of the Young's modulus
across the structures [18]. The elastic moduli of the porous samples
is 18.5,16.4 and 12.1 GPa for 30%, 40% and 50% porosity, respectively.
This is consistent with the characteristics of natural bone, which
typically has a stiffness of 0.1e20 GPa [1]. The yield strengths of the
scaffolds, are 89.8, 176.5 and 202.3 GPa respectively, and with the
exception of the onewith 50% designed porosity, are superior to that
of natural bone (130e180 MPa) [4]. In this regard, as the porosity
and pore size can be well-controlled, we have planned FEM simu-
lations to optimize the structural design tomaximize the interaction
between the implant and the surrounding bone. The techniques
outlined in this work offer a stepwise improvement over other
Fig. 1. Schematic of designed structures with porosity gradients: (A) a structure with three layers of different porosities, (b) a structure with differing interior porosity, and (C) the
process of generate porosity gradient using temporary mould. PM No.1 and PM No.2 are two different kind of titanium and sugar pellets mixture to create gradients. For instance,
30% sugar pellets mixture with pore size 0.212e0.355 mm and 50% sugar pellets mixture with pore size 0.425e0.5 mm as shown in (b).
Table 1
Sintered titanium scaffold properties using sugar pellets as space holder.
Designed porosity using sugar pellets, % 30 40 50
Open porosity (%) 2.23 7.77 11.32
Open to total porosity ratio [15] (%) 11.09 28.79 35.52
Density (g/cm3) 3.60 3.29 3.07
Elastic Modulus (E), (GPa) 18.5 16.4 12.1
Yield strength (sy), (GPa) 89.8 176.5 202.3
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same degree of control of the porosity, pore size and inter-
connectivity between pores. Thieme et al. reported a silicon-Table 2
Chemical analysis of the titanium powder and manufactured scaffold.
ICP-OES/LECO Ti Cb Ob Nb
Titanium powder (wt%) Balanced <0.01 0.12 0.02
Scaffold with 50% porosity (wt%) Balanced 0.01 0.27 0.30
a Analyzed by inductively coupled plasma optical emission spectroscopy (ICP-OES).
b Analyzed by a carrier gas hot extraction gas analyzer.assisted liquid-phase sintering (LPS) to fabricate porous titanium
structures with elastic modulus matching the targeted modulus of
design, but the biocompatibility of these materials is still ques-
tionable and the pore sizes are too small to allow full growth of
Harversian units [13]. The precise control of pore size and ﬂexibility
in pore gradients demonstrated in the present study can overcome
the constraints imposed by the other fabricationmethods as well as
remove the requirement for surface coating/roughening processes
[9] currently used to encourage material/bone bonding.
Powder sintering, employing spherical pharmaceutical sugar
pellets as a new form of space holder material, has been shown to
be an ideal processing technique as it allows customization of
material properties and production of net or near-net shape com-
ponents. It also allows easily adjustment of porosities, pore sizes
and levels of interconnectivity between pores.
4. Conclusions
Porous titanium structures with graded porosity and varying
pore sizes have been manufactured by powder metallurgy using
sugar pellets as a space holder. It was demonstrated that pore sizes,
Fig. 2. Morphology of the porous structure.
Fig. 3. Sintered titanium foam structures: (A) a porous structure with layers of differing porosities, and (B) porous structures with a solid shell/internal porosity and solid interior/
porous shell.
Fig. 4. Interface between regions of different porosities: (A) interfaces of regions with 60% porosity (0.3e0.425 mm pore size) (region a), 40% porosity (0.425e0.5 mm pore size)
(region b) and 50% porosity (0.212e0.355 mm Pore size) (region c), (B) interface between regions with 40% porosity (0.425e0.5 mm pore size) (region a) and 60% porosity
(0.3e0.425 mm) (region b), (C) interface between solid shell and porous interior with 50% porosity (0.3e0.425 mm pore size, and (D) interface between porous shell with 50%
porosity (0.3e0.425 mm pore size) and solid core.
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varying the sugar pellets sizes, volume fractions and pressing order.
The sintered titanium scaffolds with graded porosities have the
potential to deliver optimizedmechanical properties with excellentbiocompatibility for hard tissue engineering applications. The
techniques developed are highly ﬂexible and can be applied to the
manufacture of porous structures with varying porosities, pore
sizes and geometries.
Fig. 5. SEM images of the porous titanium: (A) morphology of pores, including micro pores, (B) interconnectivity between pores.
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